SV2A is a synaptic vesicle membrane protein expressed in neurons and endocrine cells and involved in the regulation of neurotransmitter release. Although the exact function of SV2A still remains elusive, it was identified as the specific binding site for levetiracetam, a second generation antiepileptic drug. Our sequence analysis demonstrates that SV2A has significant homology with several yeast transport proteins belonging to the major facilitator superfamily (MFS). Many of these transporters are involved in sugar transport into yeast cells. Here we present evidence showing, for the first time, that SV2A is a galactose transporter. We expressed human SV2A in hexose transportdeficient EBY.VW4000 yeast cells and demonstrated that these cells are able to grow on galactose-containing medium but not on other fermentable carbon sources. Furthermore, the addition of the SV2A-binding antiepileptic drug levetiracetam to the medium inhibited the galactose-dependent growth of hexose transport-deficient EBY.VW4000 yeast cells expressing human SV2A. Most importantly, direct measurement of galactose uptake in the same strain verified that SV2A is able to transport extracellular galactose inside the cells. The newly identified galactose transport capability of SV2A may have an important role in regulating/modulating synaptic function.
Synaptic vesicle protein 2 (SV2) 2 is an integral transmembrane glycoprotein expressed in neurons and endocrine cells (1) . In neurons, SV2 is localized to synaptic vesicles and has been proposed to function as a modulator of Ca 2ϩ -dependent neurotransmitter release (2) . SV2 has three isoforms, A, B, and C, with SV2A being the most widely expressed in the brain (2) . Of the three known isoforms, SV2A is ubiquitously expressed in the rat brain, whereas SV2B, although widely expressed, is undetectable in several groups of neurons in the hippocampus, central gray nuclei, and cerebellum (3) . SV2C has a much more restricted distribution being found mostly in the basal ganglia, midbrain, and brainstem (2) .The most studied isoform, SV2A, has been shown to regulate the expression and trafficking of the synaptic vesicle calcium sensor protein, synaptotagmin (4) . Synaptotagmin is required for the calcium-mediated exocytosis of neurotransmitters stored in synaptic vesicles (5) . SV2A also plays a synaptotagmin-independent role in neurotransmitter release, most likely functioning in a maturation step of primed synaptic vesicles that converts the vesicles into a Ca 2ϩ -and synaptotagmin-responsive state (6) . The exact function of SV2A, however, still remains elusive. SV2A was identified as the specific binding site for levetiracetam, a second generation antiepileptic drug (7) . Levetiracetam reduces presynaptic glutamate release particularly in neurons with a sustained and high frequency firing (7) (8) (9) , and it was shown that the antiepileptic efficacy of levetiracetam and its derivatives correlates with their binding affinity to SV2A (7) . SV2 has 12 transmembrane domains, and the N-terminal half of the protein shows significant amino acid sequence identity to a family of bacterial proteins that transport sugars, citrate, and drugs (1) , and also to mammalian glucose transporters (1, 10) . A transport function for any of the SV2 isoforms, however, has not been demonstrated. Our sequence analysis studies revealed that several yeast proteins of the major facilitator superfamily (MFS) of transport proteins have significant homology to SV2A. Many of these transporters have been shown to be involved in sugar transport into yeast. Because human proteins can easily be expressed in yeast, we decided to express SV2A in a Saccharomyces cerevisiae strain that specifically lacks each hexose transport protein and assayed for its functional role based on the growth in different carbon sources. In the present study we show for the first time that human SV2A, when expressed in yeast, functions as a galactose transporter. Moreover, the antiepileptic drug levetiracetam, which specifically binds to SV2A (7) , inhibits the galactose-dependent growth of SV2A-expressing yeast cells.
EXPERIMENTAL PROCEDURES
Homology Analysis-Homology analysis was conducted with the widely used multiple-sequence alignment program, Pileup.
The Pileup program (which is part of the GCG package) is a progressive pairwise alignment program based on Feng and Doolittle algorithm (11) .
Media and Growth Conditions-Standard yeast media were used in all growth experiments. Yeast strains without plasmids were grown in rich medium (YPL), which contains 1% yeast extract, 2% peptone, and 3% lactate. Strains containing plasmids requiring uracil auxotrophic marker selection were grown in synthetic complete (SC) medium lacking uracil (Ϫura). Synthetic complete medium contained 6.7 mg/ml yeast nitrogen base without amino acids, 5 mg/ml ammonium sulfate, all amino acids, no uracil, and the required carbon source, pH 5.5-6.
Plasmid Construction-The human SV2A (hSV2A), with a 5Ј-BamHI and 3Ј-NotI site at each end, was made by PCR amplification from human SV2A ORF without stop codon purchased from Thermo Scientific (Clone ID: 100066518) and ligated in-frame into the BamHI-and NotI-digested pCM188 vector. pCM188 is a yeast centromeric expression vector driven by the tetO-CYC1 promoter.
Complementation Study-Yeast cells, EBY.VW4000 strain (strain that lacks each hexose transport protein) (12) and EBY.VW4000 harboring recombinant vector pCM188-hSV2A or the empty vector pCM188, were grown in YPL and SLϪura media, respectively (where SLϪura indicates synthetic complete medium supplemented with lactate as carbon source with no uracil), to A 600 of 2. 5 ϫ 10 6 cells were washed twice with sterile water and finally resuspended in 300 l of water. Strains were serially diluted 10-fold. Cells were transferred to solid synthetic complete media containing the specific carbon source: 2% glucose, 2% galactose, 2% raffinose, 2% sucrose, 2% mannose, 1% fructose, 3% lactate, or 3% glycerol, in triplicate, by using a 36-pin replicator, and plates were incubated at 30°C for 2-4 days.
Levetiracetam Treatment-Transformant strains were grown to log phase in SCϪura medium supplemented with 3% lactate (SLϪura), whereas EBY.VW4000 strain was grown in YPL medium. 5 ϫ 10 6 cells were harvested, washed twice with sterile water, and finally resuspended in 300 l of sterile water. Strains were serially diluted 10-fold. Cells were plated on solid synthetic complete medium supplemented with 2% galactose and levetiracetam (Sigma-Aldrich). The drug was added at different concentrations (1, 2, 4, 6, and 8 M).
Assay of Galactose Transport-For uptake, cells were grown in SCϪura medium with 3% lactate to A 600 of 0.6, harvested, and resuspended in liquid SCϪura medium with 3% glycerol. Galactose transport was measured by using techniques adapted from Chattopadhyay and Pearce (13) . Each experiment was repeated independently 3-4 times to determine statistical significance. Cells were aliquoted to 1.4 ml, and 200 l was pipetted onto a Whatman GF/C filter on a Millipore vacuum manifold for the 0 s/min time point. To determine the time course of galactose uptake, 15 l of [ 14 C]galactose (55.5 mCi/ mmol, PerkinElmer) and 14 l of 10 mM unlabeled galactose (100 M total substrate) were added to each sample to start the reaction. Aliquots were taken at different time points (2, 5, 10, 15, 30, and 45 min). For V max and K m determination, cells were incubated with increasing galactose concentrations (1, 5, 15, 50, and 100 M) for 1 min. The uptake was stopped by washing the cells twice with cold synthetic medium (2% galactose, 20 mg/ml histidine, 20 mg/ml uracil, 20 mg/ml tryptophan). Radioactivity was measured in a Beckman LS 6500 liquid scintillation counter. Nonlinear regression, curve fitting, and V max and K m calculation were performed using GraphPad Prism 5. To test the sensitivity of galactose uptake to the protonophore, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), cells were preincubated with CCCP for 1 min before the addition of galactose.
RESULTS
Up to now SV2A function has remained elusive. We performed sequence analysis with the widely used multiple-sequence alignment Pileup program and found that SV2A has significant homology with several yeast transport proteins belonging to the major facilitator superfamily ( Table 1 ). Most of these transporters have been shown to be involved in sugar transport into yeast. Therefore, we tested whether human SV2A functions as a sugar transporter.
Hexose Transport-deficient EBY.VW4000 Yeast Cells Expressing Human SV2A Are Able to Grow on Synthetic Medium Containing 2% Galactose-To determine whether human SV2A functions as a sugar transporter, we utilized the EBY.VW4000 yeast (S. cerevisiae) strain, which lacks all hexose transporters (12) . We generated EBY.VW4000 cells harboring the empty centromeric plasmid pCM188 or expressing human SV2A in the pCM188 plasmid. EBY.VW4000 cells were plated on rich YP medium containing either 3% lactate or 2% glucose. EBY.VW4000 yeast cells showed normal growth on lactatecontaining medium and defective growth on glucose-containing medium (Fig. 1A) . Expression of hSV2A did not rescue the growth defect on glucose-containing medium (Fig. 1A) .
Then we compared the growth of hexose transport-deficient EBY.VW4000 yeast cells and EBY.VW4000 cells harboring the empty pCM188 plasmid or expressing human SV2A in the pCM188 plasmid on SC medium lacking uracil supplemented with various carbon sources. hSV2A-expressing cells were able to grow on synthetic medium containing 2% galactose, but hSV2A expression did not rescue the growth defect if the synthetic medium contained other 6-carbon sugars (Fig. 1B) . EBY.VW4000 yeast cells were also plated on synthetic complete medium containing either 3% lactate or 3% glycerol to test hexose-independent, normal growth (Fig. 1B, bottom two  images) . Note that only the yeast cells harboring the pCM188 expression vector are able to grow normally on the uracil-lacking (Ϫura) media. pCM188 contains the URA3 gene required for the biosynthesis of uracil, and EBY.VW4000 cells are ura3 Ϫ .
The Antiepileptic Drug Levetiracetam Inhibits the Galactosedependent Growth of Hexose Transport-deficient Yeast Cells Expressing Human SV2A-The antiepileptic drug levetiracetam specifically binds to SV2A and modulates its function (7) (8) (9) . We found that the growth of hSV2A-expressing, hexose transport-deficient yeast cells on 2% galactose-containing medium was concentration-dependently inhibited by levetiracetam (Fig. 2) . These results strongly indicated that human SV2A expressed in yeast cells transports extracellular galactose into the cells. Variation in the growth of the negative controls (untransformed control and vector control) at the highest cell number plated (Fig. 2) is due to the fact that the effect of levetiracetam was tested in separate experiments, first at 0 -2 M and then at 4 -8 M.
Human SV2A Expressed in Yeast Cells Transports Galactose-To test whether human SV2A indeed functions as a galactose transporter, the cellular uptake of [ 14 C]galactose was measured in hexose transport-deficient EBY.VW4000 yeast cells either harboring the empty plasmid pCM188 or expressing hSV2A in the pCM188 plasmid. Time-dependent, significant cellular uptake of [ 14 C]galactose could only be measured in hSV2A-expressing cells (Fig. 3A) . The time course of galactose uptake was sigmoidal, suggesting an allosteric activation of the transport function of hSV2A. To test whether the hSV2A-mediated galactose uptake is coupled to proton transport, we used the protonophore, CCCP. CCCP (10 M) completely blocked the transport by hSV2A (Fig. 3B ). Kinetic analysis of the hSV2A-mediated galactose uptake (Fig. 3C ) revealed a V max of 201 Ϯ 13 (S.E.) mol/min/mg of protein and a K m of 84 Ϯ 10 (S.E.) M.
DISCUSSION
In this study we demonstrate for the first time that SV2A, a synaptic vesicle membrane protein involved in the regulation of neurotransmitter release, is a galactose transporter. We performed, as a starting point, sequence analysis studies and found that human SV2A shares significant homology with several yeast transport proteins belonging to the major facilitator superfamily. We present three lines of evidence for the galactose transport function of SV2A. First, when human SV2A is expressed in hexose transport-deficient EBY.VW4000 yeast cells, these cells are able to grow on galactose-containing medium, but SV2A expression does not rescue the growth defect if the medium contains other 6-carbon sugars (Fig. 1) . Moreover, the addition of the antiepileptic drug levetiracetam (which specifically binds to SV2A (7)) inhibits the galactose-dependent growth of hexose transport-deficient EBY.VW4000 yeast cells expressing human SV2A (Fig. 2) . More importantly, direct measurement of galactose uptake verified that SV2A transports extracellular galactose into the cells (Fig. 3) .
In neurons, SV2A is sorted to synaptic vesicles via endosomal precursors, and when synaptic vesicles fuse with the plasma membrane to release their content, SV2A becomes a plasma membrane protein and stays there until it is recycled by endocytosis. In yeast cells, which do not have synaptic vesicles, recombinantly expressed SV2A is expected to localize to endosomes and, following exocytosis, to the plasma membrane as well. Our galactose uptake assay in hSV2A-expressing yeast cells clearly showed that hSV2A is in the plasma membrane, mediating the transport of extracellular galactose into the cell (Fig. 3A) . Regarding the mechanism of transport, our finding that the protonophore CCCP blocks galactose uptake (Fig. 3B ) indicates that SV2A functions as a proton-coupled symporter (CCCP would not affect a galactose uniporter, and because yeast cells maintain a low cytosolic H ϩ concentration by the plasma membrane proton pump, Pma1, CCCP should stimulate galactose uptake via an antiporter). Based on the above we propose that SV2A, as a transporter, has dual functions in neurons. First, due to the proton gradient across the synaptic vesicle membrane, SV2A is likely to function in the coupled transport of galactose (or a similar substrate) and protons out of synaptic vesicles into the cytoplasm, contributing to the control of vesicle lumen pH. Second, when synaptic vesicles fuse with the plasma membrane, SV2A can provide synapse-specific uptake of extracellular galactose.
SV2A is a neuronal protein, and its newly identified galactose transport function suggests that galactose has an important role in neuronal physiology. Galactose is incorporated into complex oligosaccharides of membrane and secretory glycoproteins in the Golgi, but galactose and some of its derivatives can also be added to proteins in the cytosol as transient or permanent posttranslational modifications (14) . The galactose-containing disaccharide, fucose-␣(1-2)galactose, has been implicated in memory formation, learning, and synaptic plasticity (15) (16) (17) (18) (19) (20) (21) . Fucose-␣(1-2)galactose sugars are enriched on glycoproteins in presynaptic nerve terminals (22) , and it has been shown that fucose-␣(1-2)-galactose modification has profound effects on the expression and degradation of the synaptic vesicle-associated protein, synapsin (22) . Furthermore, the importance of galactose for normal neuronal function is indicated by the fact that B27, the widely used serum replacement for primary neuronal cultures, contains galactose (23) .
Abnormally enhanced glutamatergic neurotransmission is involved in the pathophysiology of epilepsy (24) and several neurodegenerative disorders, such as Parkinson disease, amyotrophic lateral sclerosis, Huntington disease, and Alzheimer disease (25, 26) . SV2A gained particular attention when it was identified as the binding site for the antiepileptic drug, levetiracetam (7) . It was also shown that the antiepileptic efficacy of levetiracetam and its derivatives correlated with their binding affinity to SV2A (7) . Levetiracetam reduces presynaptic glutamate release particularly in neurons with a sustained and high frequency firing (8, 9) . A neuroprotective role of SV2A modulation was also suggested by a recent study demonstrating that levetiracetam suppresses neuronal network dysfunction and reverses synaptic and cognitive deficits in a mouse model of Alzheimer disease (27) . The mechanism of how levetiracetam modulates SV2A function, however, is unclear. Our results indicate that levetiracetam inhibits the SV2A-mediated galactose transport, which may be its mechanism of action or a contributing factor to its antiepileptic and neuroprotective activity. The growth of hexose transport-deficient EBY.VW4000 yeast cells expressing human SV2A is galactose-dependent. A, the EBY.VW4000 yeast strain, which lacks all hexose transporters, shows normal growth on lactate-containing (YPL) medium and defective growth on glucose-containing (YPD) medium, and expression of hSV2A does not rescue the growth defect on YPD. 10-fold serial dilutions of EBY.VW4000 yeast cells, EBY.VW4000 cells harboring the empty centromeric plasmid pCM188, or EBY.VW4000 cells expressing hSV2A in the pCM188 plasmid were plated on rich YP medium (1% yeast extract, 2% peptone) containing either 3% lactate (YPL) or 2% glucose (YPD). B, hexose transport-deficient EBY.VW4000 yeast cells expressing hSV2A are able to grow on synthetic medium containing 2% galactose. SV2A expression does not rescue the growth defect if the synthetic medium contains other 6-carbon sugars. 10-fold serial dilutions of EBY.VW4000 yeast cells and EBY.VW4000 cells harboring the empty centromeric plasmid pCM188 or expressing human SV2A in the pCM188 plasmid were plated onto SC medium lacking uracil (Ϫura) and supplemented with 2% glucose, galactose, raffinose, sucrose, mannose, and fructose, respectively. The same strains were plated on synthetic complete medium containing either 3% lactate or 3% glycerol to test hexose-independent, normal growth. Plates were incubated at 30°C for 48 h. FIGURE 2. The antiepileptic drug, levetiracetam, inhibits the galactosedependent growth of hexose transport-deficient EBY.VW4000 yeast cells expressing human SV2A. The growth of SV2A-expressing EBY.VW4000 yeast cells on 2% galactose-containing YP medium was concentration-dependently inhibited by levetiracetam, an antiepileptic drug, which specifically binds to SV2A.
